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Abstract 
This article describes concerning to the effect of different processing routes on the tensile properties of natural rubber compounds 
containing ground ethylene propylene diene rubber (EPDM) waste. Two-stage processing was promoted and compared with the 
conventional processing. The proposed processing was done by mixing ground EPDM waste, a dispersion form of rubber 
additives and natural rubber latex (NRL) prior to compound with the remaining dry rubber on the two -roll mill. By applying 
such method, the cross-linking distribution was significantly improved, providing the superior state of cure, cross-link 
density and tensile properties.     
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Nomenclature 
SMR L  L Grade Standard Malaysian Rubber  min  Minute 
NRL  Natural Rubber Latex    h  Hour/s 
EPDM  Ethylene-Propylene-Diene Rubber   ZnO  Zinc oxide 
N330  N330 Grade Carbon Black   ML  Minimum Torque 
MH  Maximum Torque    ts2  Scorch Time 
MH – ML Torque Difference    tc90  Curing Time 
M100  Stress at 100% elongation    TS  Tensile strength 
M300  Stress at 300% elongation    EB  Elongation at break 
CBS  N-Cyclohexyl-2-benzothiazole Sulfenamide 
ASTM   The American Society for Testing and Materials 
MPa  Megapascal 
 
1. Introduction 
     Ethylene-propylene-diene (EPDM) rubber has been introduced as a synthetic rubber since 1963.1 About 7% of the 
world rubber consumptions are produced by EPDM rubber and it is the most commonly used in non-tire rubber.2 
However, this rubber material is not serviceable and is mostly discarded after a certain period of time. Waste rubber 
products constitute major part of accumulating non-biodegradable material. Development of an effective recycling 
technology continues to be keen of interest because the current disposal methods, such as incineration, pyrolysis, and 
landfills, have ended up with economical and environmental problems.3  
     To solve these issues, recycling EPDM is an interesting route, considering the continuous market growth of EPDM. 
In this study, EPDM waste was initially ground prior to further mix with natural rubber (NR) to create value added-
natural rubber material. Blending NR and ground EPDM waste has been previously studied.4 But satisfactory state of 
cure and tensile properties are difficult to attain due to cure incompatibility between NR and ground EPDM waste.  
     To improve such properties, it is important to control of the compatibility and interfacial adhesion between the 
materials. Therefore, two-stage processing of NR compounds containing ground EPDM waste was promoted where 
ground EPDM waste and a dispersion form of rubber additives were mixed with natural rubber latex (NRL) prior to 
compound with the remaining dry rubber on the two-roll mill. NRL is known to possess adhesive properties, low 
viscosity, and low surface tension, which would render some improvements to the interaction between ground EPDM 
waste and NR. Cure characteristics, tensile properties and cross-link density of their respective compounds were 
investigated and compared with the blend prepared by conventional processing. 
2. Materials and Methods 
2.1. Materials 
       The formulation used in this study is listed Table 1. Natural rubber (SMR 5L grade) was supplied by the Mardec 
Berhad. Low ammonia type natural rubber latex (LA-TZ) and EPDM waste obtained from gaskets and O-rings were 
supplied by Zarm Scientific (M) Sdn. Bhd. Penang, Malaysia. EPDM waste was ground into a powder using Table 
Type Pulverizing Machine from Rong Tsong Precision Technology Co. Ltd., Taiwan, to obtain particles 
approximately 10 – 200 µm in size. Ground EPDM waste was in irregular, rough shape and a typical particle in an 
aggregate, which was broken by a mechanical crusher. The specific gravity of the ground EPDM waste was found to 
have 1.06 g/cm3. The carbon black content in ground EPDM waste was 29.33%. The physical characteristic of ground 
EPDM waste has been reported in our previous study5. The N330-grade carbon black was supplied by Malayan Carbon 
(M) Ltd, Malaysia. Other compounding ingredients, such as zinc oxide, stearic acid, N-cyclohexyl-benzothiazyl-
sulfenamide (CBS), and sulfur were purchased from Bayer (M) Ltd.  
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Table 1. Formulation of the NR compounds containing ground EPDM waste. 
Conventional processing Two-stage processing 
Materials (phr) Materials (phr) NRL10 NRL20 NRL30 NRL40 
SMR L 
Ground EPDM Waste 
ZnO 
Stearic acid 
CBS 
Sulfur 
N330 
70.0 
30.0 
5.0 
2.0 
1.2 
1.8 
30.0 
SMR L 
NRL 
Ground EPDM Waste 
Stearic Acid 
N330 
50% ZnO 
50% CBS 
50% Sulfur 
60.0 
10.0 
30.0 
2.0 
30.0 
5.0 
1.2 
1.8 
50.0 
20.0 
30.0 
2.0 
30.0 
5.0 
1.2 
1.8 
40.0 
30.0 
30.0 
2.0 
30.0 
5.0 
1.2 
1.8 
30.0 
40.0 
30.0 
2.0 
30.0 
5.0 
1.2 
1.8 
2.2. Two-stage Processing 
       Two-stage processing was applied in this study and compared to the compound prepared with the conventional 
one. As for conventional processing (control), the entire amount of additives as well as NR and ground EPDM waste 
were prepared on a laboratory-sized two-roll-mill (model XK-160) at ambient temperature while two-stage processing 
was done differently. All the ingredients given in Table 1, except for NR, stearic acid and carbon black, were processed 
in NRL (10, 20, 30 and 40 phr). First, the NRL was sieved, measured and stirred using the mechanical stirrer at 10 
rpm for about 10 min. Next, ground EPDM waste and activator (50% ZnO) were added and stirred. After 5 min of 
maturation, accelerators (50% CBS) and a vulcanizing agent (50% Sulfur) were slowly added to the mixture. Then, 
the mixing was pre-vulcanized in oven at 80oC for 5 h. Finally, the dried sheet of NRL/ground EPDM waste blends 
was compounded with dry NR (SMR L), stearic acid and carbon black on the two-roll mill. The resulting compounds 
were later tested for its curing characteristics by using a Monsanto Moving Die Rheometer (MDR 2000). The 
compounds were subsequently compression-molded using a stainless steel mould at 150°C with a pressure of 10 MPa 
using a laboratory hot-press based on the respective curing times.  
2.3. Curing characteristics 
        The curing characteristics of NR compounds containing ground EPDM waste were obtained by using a Monsanto 
Moving Die Rheometer (MDR 2000), which was used to determine torques, scorch time (ts2) and curing time (tc90) 
according to ASTM: D2084-11 Samples of the respective blends were tested at 150oC.
 
 
2.4. Measurement of tensile properties 
        Dumbbell-shaped samples were cut from the moulded sheets according to ASTM: D412-06ae2. Tensile tests 
were performed at a cross-head speed of 500 mm/min. Tensile tests were carried out with a universal tensile machine 
Instron 3366 to determine the tensile properties such as tensile strength, elongation at break, stress at 100% (M100) 
and 300% (M300) elongation. 
2.5. Measurement of cross-link density 
       The cross-link density was calculated by applying the Flory-Rehner Equation.6 Vulcanized test pieces of 
dimension 30 mm × 5 mm × 2 mm were weighed using an electrical balance and swollen in toluene until equilibrium, 
which took 72 hours at room temperature. The samples were taken out from the liquid, the toluene was removed from 
the samples’ surface, and the weight was determined. Calculation of the cross-link density is as follows: 
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Where ρ is the density of the rubber (ρ of NR = 0.92 g/cm3 and ρ of ground EPDM waste = 1.06 g/cm3), Vs is the 
molar volume of the toluene (Vs = 106.4 cm3/mol), Vr is the volume fraction of the polymer in the swollen specimen, 
Qm is the weight increase of the blends in toluene and χ is the interaction parameter of the rubber network-solvent (χ 
of NR = 0.393 and χ of ground EPDM waste = 0.49). The degree of cross-linking density is given by; 
 
                                   (3) 
 
3. Results and Discussion 
3.1 Curing characteristics 
       The curing characteristics of the NR compounds containing ground EPDM waste prepared by conventional and 
two-stage processing are listed in Table 2. It was observed that the compounds prepared by two-stage processing show 
higher minimum torque (ML) and are increased when increasing the NRL content. ML is commonly considered to be 
a representative of the uncured stock’s elastic modulus and also provides valuable information about a compound’s 
processability.7 This result indicated that introduction of NRL in two-stage processing had imparted slight difficulty 
in processing of the compounds. As the first stage compound was pre-vulcanized before mixing with the remaining 
ingredients, the first compound consisted of partially cross-linking as well. The higher the NRL concentration in the 
two-stage processing, the more sulfur interacts with the NRL to form the cross-linking. Generally, the cross-linked 
rubber gives the vulcanizate with high stiffness. The more cross-linking take place resulting to more stiffness. 
Therefore, the processability reduced when increasing the NRL content in two-stage processing. Similar observation 
was found for a maximum torque (MH) which indicates the stiffness or shear modulus of the fully vulcanized test 
specimens at the vulcanization temperature.8 This is significantly observed that the stiffness of the compounds 
prepared by two-stage processing is clearly increased.  
Table 2. Curing characteristics of NR containing ground EPDM waste prepared by conventional processing (control) and two-stage processing. 
Curing 
characteristics 
Control Two-stage processing 
NRL10 NRL20 NRL30 NRL40 
ML 
MH 
MH – ML 
ts2 
tc90 
0.76 
16.61 
15.85 
1.85 
8.27 
0.84 
17.01 
16.17 
1.02 
8.20 
1.13 
17.4 
16.27 
0.83 
7.62 
1.4 
18.74 
17.34 
0.65 
6.01 
3.69 
19.43 
15.74 
0.61 
4.84 
 
       The torque difference (MH – ML) increased up to 30 phr (NRL30) and then decreased. As the torque difference is 
widely accepted to be indirectly related to the degree of cross-linking9, suggesting that the cure compatibility of the 
blends increased significantly when the weight ratio of NRL exceeded 30 phr (NRL30). However, an uneven cross-
link density distribution is clearly observed when the NRL content is introduced for 40 phr (NRL40). Shorter scorch 
time (ts2) and curing time (tc90) were found when increasing the NRL content in two-stage processing. This is simply 
due to first compound was pre-vulcanised before mixing with dry NR on the two-roll mill. Therefore, the time 
consuming is reduced for vulcanization process. 
3.2 .Tensile properties 
      Tensile properties of the vulcanizates are presented in Table 3. Stress at 100% (M100) and 300% (M300) 
elongation is indirectly related to the stiffness, rigidity and therefore reflected to the cross-linking of the vulcanizate. 
The improvement in M100 and M300 upon two-stage processing is due to increase in cross-linking. As mentioned 
before in the preceding section, the first compound was pre-vulcanized prior mixing with the remaining dry NR matrix. 
Therefore, the higher the NRL concentration, the more sulfur interacts with the NRL to form the cross-linking, the 
occurrence of cross-linking is believed to be responsible for the increases in tensile modulus.  
c
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V
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1 
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Table 3. Tensile properties and swelling results of NR containing ground EPDM waste prepared by conventional processing (control) and two-
stage processing. 
Codes M100 (MPa) M300 (MPa) TS (MPa) EB (%) Cross-link density (× 10-5 mol/cm3) 
Control 
NRL10 
NRL20 
NRL30 
NRL40 
2.11 ± 0.07 
2.62 ± 0.06 
2.68 ± 0.10 
2.73 ± 0.12 
2.96 ± 0.15 
8.31 ± 0.37 
8.67 ± 0.14 
8.95 ± 0.25 
8.96 ± 0.09 
9.78 ± 0.26 
19.48 ± 0.53 
19.87 ± 0.10 
21.89 ± 0.19 
23.32 ± 0.30 
19.39 ± 0.49 
536.68 ± 16.22 
581.06 ± 13.09 
625.85 ± 15.00 
657.80 ± 8.40 
531.00 ± 4.81 
41.36 ± 0.42 
42.17 ± 0.53 
44.34 ± 0.42 
44.62 ± 0.47 
43.21 ± 0.63 
 
       The improvements of tensile strength and elongation at break are more evident as NRL content increases up to 
30 phr (NRL30) then decreased. This infers that the application of two-stage processing enhanced the interaction 
between the ground EPDM waste and the NR matrix as the NRL content increases. By applying such method, ground 
EPDM waste can fully adhere at the available surface of NRL prior to mix with dry NR on the two-roll mill. Hence, 
increase the formation of an interfacial region as a result of reducing surface tension in the presence of NRL. Typically, 
the first compound contained ZnO, CBS and sulphur where it was initially pre-vulcanized. It can initiate a normal 
sulfur vulcanization reaction. Sulfur vulcanization in the presence of ZnO starts with the generation of active 
accelerator complexes between CBS and ZnO, which later interact with sulphur to form an active sulfurating agent. 
These active sulfurating agents then reacted with reactive allylic hydrogen sites at the positions provided on the NRL, 
resulting in a rubber bound intermediate.10-12 The accelerator fragments were initially bound to the NRL chains, and 
hence the migration of the curatives towards the dry NR in the latter stage was restricted. A better curative dispersion 
in first compound consequently resulted in a more homogeneous cross-link distribution, which is reflected in a 
significant enhancement in tensile strength and elongation at break of the vulcanizate. Promoting two-stage processing 
also improved chain flexibility as the cross-linked network was at least partially disrupted.13 These factors may 
facilitate a more thorough formation of interfacial bonding and, hence, improved the elongation at break. Moreover, 
when the crosslink density was too high, the average molar mass of the rubber chain between two successive crosslink 
points decreased and the mobility of the chain segment was restricted, which limited the orientation of the network 
chain. This restriction would reduce the number of effective network chains, resulting in a decrease of the tensile 
strength and elongation at break at NRL content of 40 phr (NRL40).   
3.3 .Swelling resistance and cross-link density 
      The cross-link density of the vulcanizates is also shown in Table 3. It is widely accepted that the swelling is directly 
correlated to the cross-link density of a network chain5, with less solvent uptake or penetration into the blends 
indicating higher cross-link density. As tabulated in Table 3, the cross-link density increases as the NRL content 
increases up to 30 phr (NRL30) then slightly increased for NRL40 blends. This is simply due to the enhanced the 
cross-link distribution upon two-stage processing. In addition to that, the increment in cross-link density may be 
associated to more homogenous ground EPDM waste and carbon black distribution in the NR compounds. Ground 
EPDM waste used in this study was ground and mostly cross-linked. The cross-linked EPDM therefore consisted of 
high viscosity as compared to NR. In the control compound, carbon black is mostly located in the NR phase and 
especially concentrated at the interface of two polymers like envelope formation. Thus, it is found that carbon black 
distributes unevenly in the compound. Promoting two-stage processing, the pre-vulcanized NRL is being compounded 
well with ground EPDM waste and other accelerators for a period of time during the maturation, pre-vulcanized NRL 
chains have a certain probability to contact with ground EPDM and entangle or trap in the void of carbon black 
aggregates. Therefore, the migration of carbon black to NR is reduced while more homogenous ground EPDM waste 
and carbon black distribution are observed.   
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4. Conclusion 
     Preparation of NR compounds containing ground EPDM waste by two-stage processing seems effective in 
improving the overall tensile properties and cross-link density. This method impart higher values of tensile strength, 
modulus, and elongation at break of the compounds than control sample, indicating an improvement in interfacial 
adhesion between the NR matrix and ground EPDM waste rendered by NRL modification.  
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